The effects of FePO 4 nanoscale coating on PtRu thin films were investigated on the block of Ru crossover. Ru dissolution was examined by the accelerated-potential cycles between 0.4 and 1.05 V. The results showed that Ru dissolution from FePO 4 -coated PtRu surface was inevitable due to the direct contact between the PtRu surface and aqueous electrolyte. However, the FePO 4 coating layer on PtRu thin-film electrodes effectively retained the dissolved Ru species, thus preventing the dissolved Ru species from diffusing into the electrolyte. Moreover, the retained Ru species within the FePO 4 -coating layer were redeposited onto the PtRu surface during the cycling in the fresh electrolyte.
I. INTRODUCTION
The direct-methanol fuel cell (DMFC) is a promising alternative to conventional batteries for powering portable electronic devices. [1] [2] [3] In general, the platinumruthenium (PtRu) alloy is currently considered the most promising DMFC anode catalyst for methanol oxidation. [4] [5] [6] [7] Recently, the stability of electrocatalysts has received a great deal of attention because the electrode performance can degrade after long-term operation due to the dissolution of noble metal-based catalysts and the aggregation of catalyst nanoparticles. 8 Although metallic Ru is stable in the DMFC anode operating potential range, it is dissolved abnormally in practical operations. In particular, Piela et al. reported that ruthenium in the DMFC anode crossed from the PtRu anode, through the proton exchange membrane (Nafion), to the Pt cathode. 9 The Ru crossover originating from Ru dissolution can deteriorate the performances of PtRu anode, membrane, and Pt cathode. Therefore, it is important to block the Ru crossover. Our group has recently studied the dissolution mechanisms of Ru from the bare PtRu surface. 10 It has been reported that the electrochemical stabilities were enhanced by metal-phosphate coating on LiCoO 2 .
11-13 One of the main reasons for the enhanced stability was the diminished Co dissolution through the prevention of direct contact between the electrode and carbonate-based electrolyte by the nanoscale metalphosphate coating. Moreover, nanoporous structures of amorphous (or poor crystalline) FePO 4 allowed effective transfer of proton, water, and methanol to catalyst surface. 3 In this study, a thin-film geometry was used to focus on the intrinsic effects of an iron-phosphate coating for the potential block of Ru crossover, instead of carbon-PtRu-FePO 4 nanocomposite powders.
II. EXPERIMENTAL SECTION
The PtRu thin-film alloy was deposited on indium-tin oxide (ITO) coated glass (Samsung Corning, Cheonan, Korea) by radio frequency (rf) magnetron sputtering using Pt and Ru targets. 3 The FePO 4 thin films were sputter-coated on the PtRu thin-film alloy using a FePO 4 target. The effect of the FePO 4 coating was examined by varying the thickness of FePO 4 from $5 to $20 nm. The FePO 4 -coated PtRu thin-film electrodes were annealed at 300 C for 1 h in an Ar atmosphere to enhance the adhesion of FePO 4 on the PtRu thin films. The PtRu thin films (without the FePO 4 coating) were also annealed under the same condition for direct comparison.
Ru dissolution from the PtRu and FePO 4 -coated PtRu thin-film electrodes was examined by the acceleratedpotential cycles in a 0.5-M H 2 SO 4 solution between 0.4 and 1.05 V at a scan rate of 500 mV/s for 200 cycles
The electrochemical measurements were made using a conventional three-electrode electrochemical system at room temperature (RT). The PtRu thin-film electrodes, Pt wire, and saturated calomel electrode (SCE) were used as the working, counter, and reference electrodes, respectively. The electrochemical properties of the PtRu thin-film electrodes were determined by cyclic voltammetry at potentials ranging from 0.06 to 0.47 V, which is under the DMFC anode operating potential range, at a scan rate of 50 mV/s in 0.5-M H 2 SO 4 . The methanol-oxidation activities on these electrodes were examined at a scan rate of 50 mV/s in a solution of 0.5-M H 2 SO 4 and 2-M CH 3 OH. In particular, the electrochemical measurements after accelerated cycles were performed in the fresh electrolyte. All the solutions were purged with N 2 gas for 30 min before each electrochemical measurement. The electrochemical surface area (ESA) was determined using a hydrogen-desorption method (Pt À H).
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The chemical-bond states and apparent surface composition of the Pt and Ru were analyzed by x-ray photoelectron spectroscopy (XPS). The PtRu thin-film composition was determined by x-ray diffraction (XRD) and auger electron spectroscopy (AES), and the surface morphology was examined by atomic force microscopy (AFM). The amount of Ru dissolved into the electrolyte was measured by inductively coupled plasma mass spectroscopy (ICP-MS).
III. RESULTS AND DISCUSSION
The surface morphology of the as-deposited PtRu thin films by AFM is shown in Fig. 1(a) , and the surface roughness decreased to $1.3 nm after annealing [ Fig. 1(b) ]. However, the FePO 4 -coated PtRu thin films after 300 C annealing exhibited $1.6 nm surface roughness due to the interfacial contact between the PtRu and FePO 4 -coating layer, as shown in Fig. 1(c) . These results are qualitatively consistent with the ESA value ( Fig. 2 and Table I ). Figure 2 shows cyclic voltammograms of the uncoated and FePO 4 -coated PtRu electrodes. The as-deposited PtRu thin films showed typical PtRu alloy characteristics with an ESA of 1.91 cm 2 (not shown here). After annealing at 300 C, the ESA of the uncoated PtRu thin films decreased abruptly due to surface smoothing. The FePO 4 -coated PtRu thin films exhibit a smaller decrease in the ESA value, as expected. In addition, the PtRu electrodes coated with $5 and $20 nm FePO 4 showed close ESA (Table I ). The oxidation states of Ru between the as-deposited and uncoated (annealed) PtRu electrodes show no difference, as shown in Fig. A1 . The Ru-oxidation states of the FePO 4 -coated PtRu interface could not be determined by XPS due to the FePO 4 -coating layer.
To evaluate the Ru dissolution from the uncoated and FePO 4 -coated PtRu thin-film electrodes, the acceleratedpotential cycling was performed. Figure 3 shows cyclic voltammograms during the 9 cycles (0.06À0.47 V) in the fresh electrolyte, after accelerated cycles. The uncoated PtRu thin-film electrodes exhibit Ru-depleted features inferred from appearance of the shoulder peak at around 0.2 V due to Ru dissolution [ Figs. 3(a) and 2] .
The peak at around 0.2 V is considered as the nature of Pt. 16 Ru dissolution causes an increase in the ESA of the electrodes due to an increase in surface roughness through Ru depletion (Table I) . For the FePO 4 -coated PtRu electrodes, accelerated cycles caused Ru dissolution from the FePO 4 -coated PtRu electrodes, as shown in Fig. 3(b) . It seems that Ru dissolution from the FePO 4 -coated PtRu is inevitable due to the direct contact between the PtRu surface and the aqueous electrolyte. However, it is noteworthy that in the case of FePO 4 -coated samples, Ru atoms were gradually redeposited onto the PtRu surface during the 9 cycles in the fresh electrolyte, after accelerated cycles. This is correlated with changes in the shape of cyclic voltammogram, where the shoulder peak at around 0.2 V becomes smooth, 17 indicating that the dissolved Ru species from the PtRu surface remained within the FePO 4 -coating layer. Metallic Ru is stable at potentials ranging from 0.06 to 0.47
9,14 Therefore, retained Ru species can be reduced on the deteriorated PtRu surface. On the other hand, there is no change in the cyclic voltammogram during the 9 cycles in the fresh electrolyte for the uncoated PtRu electrodes.
The schematic figure (Fig. 4) shows the possible role of the FePO 4 -coating layer for preventing the dissolved Ru species to diffuse into the electrolyte. The dissolved Ru species in the electrolyte were measured by analyzing the electrolyte with ICP-MS, after accelerated cycles (Table I) . Because the amount of Ru dissolution depends on the surface area of electrodes, the dissolved amount needs to be corrected by the ESA value. There was a small amount of Ru in the electrolyte (per ESA) for the FePO 4 -coated PtRu electrodes. These results also support the role of FePO 4 -coating layer as a barrier, which retains the dissolved Ru species within the FePO 4 -coating layer. It appears that the FePO 4 -coating layer can effectively prevent Ru crossover through the electrolyte, even after Ru dissolution from the PtRu surface. The precise profile of the Ru concentration within the FePO 4 -coating layer could not be measured by secondary ion mass spectroscopy (SIMS) due to the film stress of the FePO 4 -coating layer after the hydrous formation (during accelerated-potential cycles). The methanol-oxidation efficiency of the uncoated PtRu and FePO 4 -coated PtRu electrodes was evaluated before and after accelerated cycles, as shown in Fig. 5 . The FePO 4 -coated ($5 nm) PtRu electrodes, which were normalized by ESA (Table I) , show a methanoloxidation activity similar to that of the uncoated PtRu sample [ Fig. 5(a) ]. The FePO 4 -coated ($20 nm) PtRu electrodes show a lower methanol-oxidation activity, indicating that too-thick FePO 4 -coating layer interrupts methanol permeation through the phosphate layer during methanol oxidation. The insets, methanol-oxidation activities normalized by 1 cm 2 sample area, indicate that the ESA value of each electrode affects the methanoloxidation current, depending on the degree of surface roughness by Ru dissolution. Figure 5(b) shows the methanol-oxidation activities of the thin-film electrodes after accelerated cycles, which were obtained after the 9th cycle (0.06À0.47 V) in the fresh electrolyte (Fig. 3) . The uncoated and coated PtRu electrodes show decreased methanol-oxidation activity after 200 cycles. The relatively high oxidation current during the backward sweep also indicates the deterioration of original PtRu surface. 18 While the major role of the FePO 4 coating is considered to retain the dissolved Ru species, the Ru redeposition does not affect the methanol-oxidation activities, probably by not forming the ideal PtRu solid solution. In addition, the limitedmethanol permeation of the FePO 4 -coated ($20 nm) PtRu electrodes [in Fig. 5(a) ] had improved, possibly due to the formation of channels for proton and methanol during accelerated cycles.
IV. CONCLUSIONS
The effects of FePO 4 nanoscale coating on PtRu electrodes were investigated on the block of Ru crossover. While the FePO 4 -coating layer ($5 nm) does not disturb the methanol transport, the FePO 4 coating on the PtRu thin-film electrodes can effectively prevent the dissolved Ru species to diffuse into the electrolyte by retaining the dissolved Ru species within the FePO 4 -coating layer. Moreover, the retained Ru species within the FePO 4 -coating layer were redeposited onto the PtRu surface during the cycling in the fresh electrolyte. Further studies are needed for the optimization of coating thickness and nanostructures of metal phosphates to block the Ru crossover through the electrolytes.
